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First experimental
cooling. NAP-M storage
ring (Novosibirsk, 1974)

Electron cooling

“4 was invented by

> G.l. Budker

(INP, Novosibirsk, 1966)

1. Low-energy (3-300 KeV electrons) cooling (1974-2005): 10’s of coolers
were constructed and successfully operated — all based on magnetized cooling.

2. Medium-energy (4 MeV) cooling at FNAL: first non-magnetized cooling
demonstrated July 2005.

3. Future medium and high-energy cooling projects: HESR (GSI) and RHIC-11 (BNL).

_BROOKHLWEN  Alexei Fedotov, September 30, 2005 o




X
w o G.'.,\‘:'Lf

* Y« 55 MeV
electrons

¢ I3y

Booster




Practical implementation of e-cooling

1. Produce a beam of cold (low emittance) electrons.
2. Move these electrons with a velocity of the heavy particles
to be cooled.

3. Heavy particles scatter off the electrons and energy is transferred
to electrons. This energy transfer appears as a friction force
acting on the ions. The ions are “cooled”.

4. The electrons are renewed.
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Physics of magnetized and non-magnetized cooling

1. Non-magnetized cooling: thermal velocity of electrons smaller
than the velocity spread of ions which needs to be cooled.

2. Magnetized cooling: strong magnetic field limits transverse
motion of electrons, so that transverse degree of freedom does
not take part in the energy exchange. As a result, the efficiency of
cooling is determined only by the longitudinal velocity spread of
electrons.

In typical low-energy coolers longitudinal velocity spread of
electrons is much smaller than transverse - strong velocity
anisotropy together with magnetic field leads to “fast cooling”.
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Schematic friction force for magnetized and non-
magnetized cooling 7

F>

magnetized

non-magnetized
1000
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Future high-energy coolers

1. HESR (GSI) cooler - up to 8MeV electrons. Present baseline
4MeV as in FNAL. However, it needs to be magnetized cooling -
many technical issues.

2. RHIC-II (BNL)- cooling with bunched electron beam with energy
up to 55MeV - first high-energy cooling based on new
technology.
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Limitation of magnetized cooling at high-energy

A problem of Magnetized Cooling for high-energy is that “effective
longitudinal spread of electron” due to magnetic imperfection can
be rather big:

1. RHIC (BNL): y=100, 6=1e-5, 0_ effective=y6=1e-3

To get significant advantage from “good Magnetized Cooling” - one
needs to make precise solenoid (or have a scheme of precise
alignment). The main purpose of magnetized cooling approach for
RHIC is to kill recombination.

2. HESR (GSI): y=9, 6=1e-5, 0_effective=9e-5
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RHIC e-cooling

10

For electron cooling in RHIC (Au
ions at y=108) we studied two
approaches:
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2. Non-magnetized cooling (with —~— ——
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High-energy cooling: need for accurate predictions of
cooling times 11

Cooling times for relativistic energies are much longer than for typical
coolers: 3/9

T = A 7/2 7/gin
R 2
Z 47zrIO rrncnA.\ B.

e standard (order of magnitude) estimate of cooling times for Au ion at

RHIC storage energy of 100 GeV gives 1 of the order of 1000 sec,
compared to a typical cooling time of the order of 0.1-1 sec in existing
coolers

* while an order of magnitude estimate was sufficient for typical coolers
it becomes unacceptable for RHIC with a store time of a few hours
and fast emittance degradation due to Intra Beam Scattering (IBS)

We need computer simulations which will give us cooling times
estimates with an accuracy much better than an order of magnitude.
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Accurate description of the Cooling Force .

v

1. Benchmarking of available formulas vs VORPAL code (direct
simulation of friction force) for various regimes.

D. Bruhwiler et al., AIP Conf. Proc. 773 (Bensheim, Germany, 2004), p.394.

A. Fedo)tov et al.; Bruhwiler et al., Proceedings of PAC’05 (Knoxville, TN,
2005).

2. Experimental benchmarking:
(CELSIUS, December 2004 and March 2005)
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Part 1

(Friction force formulas: theory and simulations)
A. Fedotov (BNL), D. Bruhwiler, D. Abell (Tech-X), A. Sidorin (JINR)
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Comparison with theory y

At a minimum, we want to be sure that we are using the most appropriate
and accurate cooling force formulas.

Magnetized friction force:

“electron cooling theory is well understood”

1. Infinite magnetic field ag\l/)loximation (Derbenev-Skrinsky (D-S), Derbenev-
Skrinsky-Meshkov (D-S-M)).

Empiric formula (V. Parkhomchuk (VP)) (any strength of the field) - can show

very different cooling dynamics for some parameters. Also, has different
numerical factors.

Different formulas agree with one another within factor of 3-10, depending on the
parameters - not good for high-energy estimates.

Non-magnetized force:

More straightforward - but one needs to use correct expressions - we did

comparison of typically used asymptotic formulas and direct numerical
integration.
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Codes used for Friction Force studies .

We use;

1. VORPAL code - uses molecular dynamics techniques to explicitly
resolve close binary collisions and thus capture friction and diffusion
tensors with a bare minimum of physical assumptions.

C. Nieter, J. Cary, J. Comp. Phys. 196, p. 448 (2004)
D. Bruhwiler et al., AIP Conf. Proc. 773 (Bensheim, 2004), p. 394.

2. Numerical integration of analytic formulas over electron velocity

distribution and comparison with simple asymptotic expressions using
BETACOOL code

The BETACOOL program, http:/lepta.jinr.ru
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Non-magnetized friction force (B=0) - isotropic electron
distribution 16

4ane*Z L
m

F =

[V £ )d,
Vi‘Ve

For isotropic Maxwellian distribution f(v,) (Chandrasekar 1942):

= V. 4me'Z°L (v,
Fav (Vi) = - 3 ({ ]

A

e




B=0, isotropic electron distribution for ion velocity
along the longitudinal direction 17

F [eV/m] force
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B=0 - anisotropic electron velocity distribution (typical
situation for electron coolers) 18

Numerical evaluation (BETACOOL):

v v/
V., —V, cosplexpl - —= ——"
vV, - v, cosp)exp 20% 2Af|

472%*n, 0T (p
Fo=———=[ ] [In ( —V, dedv,dv,

m-Int ¢ 35,0 \Pumin (V|| -V, P+, v, cosp) +v2sin? (0)3

(vl_v)exp[_ ‘ ']

2 2
202 2N}

((V|| —v, f +(V, v, cosg)’ +v?sin’ qp)m Videmdl,

Asymptotic formulas — can significantly overestimate friction force,

especially near the longitudinal rms velocity spread

(A << Vy<<A

_AnZ’e'n,L Vi, 4nZ%"n,L
m AT

m-Int o 38,0

4nZ%e*n,L v,
m v
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B=0, anisotropic velocity distribution
19

force
m _
A“ = 1.0e5 m/s
A, = 4.2e5m/s
m L
VORPAL
w0 BETACOOL

4« humerical integration

7 . elocity
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Non-magnetized force - summary .

For anisotropic velocity distribution:
1. VORPAL gives good agreement with numerical integrals.

2. Asymptotic formulas overestimate friction force by a significant
factor for typical RHIC parameters.

We are presently using numerical integrals in BETACOOL in our
cooling dynamics studies for the non-magnetized cooling.
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Magnetized friction force
- approximation of strong magnetic field 21

Numerical integration using Derbenev-Skrinsky (D-S) expressions for the
magnetized collisions (BETACOOL):

2
2nZ%'n L, ¢V (\/2—2V —V )
F, (VL,V”)z _ e =M j vz -2t " 95,)2 f (v, )dv,
m Ry -vF)
LTV Ve
2g* ViV, —v vV, —v
F(V ’V):_anenej L L(II e) 49 I~ Ve f(V)dV
AL H m M (\/2 (V )2)5/2 (\/2 (V )2)3/2 e/" Ve
LtV Ve VTV
Asymptotic expressions for all three type of collisions
(Derbenev-Skrinsky-Meshkov (D-S-M)):
[ 1 Vi -2 1 3,2
vl 2Le + ¥ Ly [ {1} V—3£2LF+V—;|_M +2],{|}
2nZ%e*n, 2 vi—2v7 L 2nZ%e*n, 2 3v? 1
. VﬁAi (Lo + N, L)+ lvz “ V“;,{n} R~ ———— 2v (LF+NCO,LA)+[V—2LM +2]F,{ua}
2 L
A23(LF +NCO,LA)+|2;,{III} A (L +NCO.LA)+A—“§,{IIb,HI}
n I L l
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Finite magnetic field .

Empiric formula by V. Parkhomchuk (VP) (NIM, 2000):

4Z 2e4neLp 1 pmax+pmin+<pL>
If = —V , , 3/2 Lp = Iﬂ( o -|-<p > J
m (V + Ae’eff ) min 1

1. Similar to D-S asymptotics at low velocities v <A

2. Very different at large velocities v >> A, - both in numerical factor
and dependence on angle with respect to the magnetic field direction.

Studies were done to explore magnetized friction force formulas in
various regimes. Some of these studies are reported in the next few
slides, using parameters of the RHIC-11 cooler based on the
magnetized approach.
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Friction force for ion velocity along magnetic field line

Vv, =0 23
F [eV/m] force Au ions: Z=79
_ Electron distribution:
D-S-M asymptotics n,=2e15 m-= (PRF)

5000 |
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. , i B=5T
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Friction force for ion velocity along magnetic field line

(V, =0) for two different degrees of magnetization 24
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force
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Angular dependence at large relative velocities

Strong magnetic field results in friction force dependence on the
angle with respect to the direction of magnetic field.

Very different expressions for the transverse and longitudinal
components of the friction force both of which now depend on
both transverse and longitudinal velocity.

But how important is such “angular anisotropy” of the friction
force for finite magnetization?

This question was already addressed by Parkhomchuk (NIM,
2000), using simulations with zero temperature electrons. Here we
try to examine this question for finite temperatures of electron
beam.
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Angular dependence for longitudinal component of the
friction force 26

empiric formula by V. Parkhomchuk (VP)
2
w_ 1 ,(2Ze) \u Vion
F"=——w, A A . T
d &g (V' + Ve )

1on

Derbenev-Skrinsky (D-S) asymptotic

2 2
V
e B gy [ Y ] 2|
2 " 4re, V. 3|V

10N

1on
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Angular dependence for Vion=3e5 m/s
(B=5T, for A, ,=8e6 my/s, L,=2.4) 27

F [eV/m] force
2000 |
’ VORPAL

’ ultra cold electrons
1500 - ®

D-S asymptotic

VORPAL
finite temperature
electron beam

1000 +

VP expression

e T aygle [rad]
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Longitudinal friction force - scaling with magnetized

logarithm for finite temperature electron beam 28
200 «— DS Ly=5.2

D-S, L,,=2.4

VP, L,=2.4
VORPAL

0.25 0.5 0.75 1 1.25 1.5
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Transverse component of friction force for

high velocities V> A 29
D-S, (1977)
eos _la) (ze) AA(V ) v {2) v
1 ,dialectric 2 472_50 on V|On ,On
I:)binary collisions (1984)
Fr.. =—£a) (Ze) AV, )( N )V
o 2 4'72-‘90 ” Vlgn Vlgn

_BROOKHLWEN  Alexei Fedotov, September 30, 2005 @



Angular dependence for the transverse component of

the friction force 30
force
1500 |
«— VORPAL
1000 - with cold electrons
=
50 | VP empiric >
' —77

‘ | AT % ‘ ‘ I
«() 0.5 i/(ﬁs 1.25 15 O [rad]

VP_binary_ collisions

D-S_dialectric

-1000 -
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Conclusions on magnetized formulas \

Using VORPAL code we are now able to explore fine effects in
magnetized cooling.

We are studying accuracy of available formulas and theories in
various regimes.
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Part 2

(Experimental benchmarking of the friction force)

A. Fedotov, V. Litvinenko (BNL)
B. Galnhander, T. Lofnes, V. Ziemann (TSL)

A. Sidorin, A. Smirnov (JINR)
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Major goals

34

1. With well controlled experiments - systematically study friction
force dependence on various parameters such as current,
alignment angle, magnetic field.

2. Using low-energy cooler try to reproduce conditions possible at
high-energy cooling:

2.1) Different magnetization regimes - possible transition from good
to bad magnetization

2.2) Transient cooling - when as a result of slow cooling one first has
clear formation of beam core with subsequent cooling of tails -

need to benchmark IBS models for such distributions. 1y important

. ] . for collider

T e
=0 B E

SSSSSSSSSSSSSSSS
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Example of some previous comparison of experimental

data with Derbenev-Skrinsky-Meshkov (D-S-M) and

V.Parkhomchuk (VP) formulas.

Y-N. Rao et al.: CELSIUS, Sweden’2001:

Drag force {eV/ m)

100

1._'|._|. _i--

Relative velocity (m/aac]

35

X rrrl I T J R REAN J 1 II.II-: I'II'.EE .F:i'J'l l:l-:-:l'_-:r.‘l:
i ..E." v,
e TIEM=Y
& na 4 + D8M 3PN P
i ﬁf— 2 @ B 47NN p
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S g = 4 x  48MaV p
F - s 1Il -\.-!- i "._"--'- :
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. '..,,gﬂ- | e 400MaY p
! -
% O ® S00MeV/ u d
b S * 1B.6M=V/u 0™
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Measurement methods: Phase Shift (PS) and Voltage
Step (HVPS) 36

2.0 2

| SN
N

Force [eV/m]
mM

| 5
w
—_—
<
—
o
\

-1 \ [ > HVPS
N\ / )
N\

~20 -,
-3.10" -2.10* -1.10* o 110 210 3.10°

— 30000 \' i \ | 3. 104

relative ion velocity [m/s]
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Low relative velocities (linear part and maximum):
Phase shift (PS) method 37

* The phase shift method is to apply both the electron cooling and
the rf system (bunched ion beam):

measure the phase shift at equilibrium where the energy gain that
an ion beam receives on passage through the rf cavity is equal to
the energy loss during passage through the cooler

ZeU . sinAg,
o If S
R ="

C

U, —the rf amplitude
A, —the equilbrium phase difference between the bunch and rf cavity
L. - length of the cooler
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Large relative velocities: HVPS method

38

* The electron beam energy is stepped by quickly changing the HVPS
voltage:

The electron beam begins to drag the ion beam as a whole to a new
energy corresponding to the new energy of electron beam. During this
process the ion beam energy is tracked by recording its Schottky

frequency shift
_ 1 po & B
| np f 0 At ?I"'E!C

T]p— slippage factor, p, is ion momentum

I

N..— L/C - ration of cooler length to circumference

Af - frequency shift recoded during time At
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Accuracy of HVPS method

39

HHoWER Alexei Fedotov, September 30, 2005
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Accuracy of Phase Shift method: important since it
allows us to find exact location of the force maximum 40

1. One needs to introduce small velocity difference between electrons
and ions - typically, voltage step is used to change energy of
electrons.

2. One needs accurate measurement of the phase difference between
the bunch and RF signal.

In our experiment at CELSIUS:

1. Changing RF frequency - allowed very fine steps in velocity
difference (done before, for example, at IUCF).

2. Instead of network analyzer without phase lock loop the phase was
measured by phase discriminator.

As aresult, very accurate experimental data was obtained !
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Experiment #1: .

1. B=0.1T, current dependence: (Ie=500mA, 250mA, 100mA, 20 mA)

Measure all needed parameters, including parameters of ion
distribution.
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Experiment #2: N

2. Dependence on V_effective:

- measured for several values of tilt in both horizontal and
vertical direction - both negative and positive directions.

- always recorded longitudinal and transverse sigmas to perform
accurate convolution over distributions. Measured values are
close to those predicted by BetaCool simulations

- did calibration of tilt angle with both BPM’s and H’ monitor
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Experiment #3: .

3. Measured “transient cooling” S Dremewnieoessenms
(IBS+COOLING) both for
longitudinal and transverse ' '
profiles: ﬂ {!\

% A A
Test models of IBS for non- ﬁ”}\ / )
Gaussian distribution -needed ,44// k ﬁf :ik**-h\
for high-energy cooling. SOV L. NP L.

100
Twe times CELSTUS circwmference [m]

N

linear mitoscale

1 L
30 40
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Experiment #4:

44

4. Various values of B with various
currents: Ie=500mA, 300mA,
100mA, 50 mA (B=0.03, 0.04, 0.05,
0.06, 0.08, 0.1, 0.12T) - a lot of

careful adjustments for each new 041
setting of magnetic field.

Study various regimes of 7
magnetization - needed for high- R

0®°%e L,,=1.8
°

I o 00,

e [ ]

2 4y eeetee, LuTl4
.......

energy cooling. | | % eette L,,=0.8
° ..;‘ oo ._‘)i | W
Lm = In| £me 1| — Pmac JRHATL N
rL rL ®e o0 "
soe!
F= 1 ( ) :2|. (VeB/mAe) E_ s 1
7w " e @ion) VionAet
EROOKHMLWEN

P AT DO P
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Experiment #5: .

5. Effects of solenoid errors.

Study description via V_effective.
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V. Parkhomchuk’s (VP) empiric formula

46

empiric formula (VP) — single-particle formula

(Ze)2 pmx+pmin+rL \/I n
. In a 0 T
4re, Prin T I (\/-2 +V.q )

[o]p

F:—iwi
T
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March 2 data: B=0.1T, electron current Ie=250 (pink

color), 100 (red), 50 (blue) mA 47
F [eV/m] 0.6
0.4
02 -
L | | | | | | | | | | | | | | ’ | | | | I | | | | | | | | | ]
3 =2 ~1 Z 1 2 3
| V [104 m/s]

D.4 ~ Green curves — calculated using VP

- formula (no averaging) with the same numeric
= 06 - coefficient for le= 250, 100, 50 mA
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March 2 data: B=0.1T

Ie=500 (gray), 250 (pink), 100 (red), 50 (blue) mA 48
1,
F [eV/m] 7
0.75 o
: o
05 |

1 2 3 V[10* m/s]
Green curves — calculated using VP

- formula (no averaging) with the same numeric
- coefficient for le= 500, 250, 100, 50 mA

For 1e=500 mA there is deviation - due to the
1L space-charge
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Electron current Ie=500mA .

For high currents of the electron beam the space-charge of the
electron beam becomes important:

The electron drift in crossed fields - the electric and magnetic
fields of the electron beam and longitudinal magnetic field of the

cooler:
v 21 r
4 =
BABy* a’

For measured distribution of the proton beam for the case under
comparison (March 2, set#23, B=0.1T, Ie=500mA) - V_drift=6-

7*1073m/s - which is an additional contribution to V_effective in
the cooling force formulas.
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March 2 data: Ie=500mA, B=0.1T - formula vs
experiment with additional contribution to V_effective
from V_drift

50

F [eV/m]
0.75

05

0.25

-3 -2 -1 I 1 2 3

V [104 m/s]
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Fits with single-particle formulas
51

1. Current dependence - friction force scales linearly with
current/density - as expected from formula.

2. Numeric coefficient for the force is in agreement with the one in
Parkhomchuk’s formula. Also, it can be adjusted to agree with
Derbenev’s coefficient (which results in only slightly different
effective velocity) - the coefficients are similar for the region of
low relative velocities (1/r vs 1/(27)Y?).

3. Note that Coulomb logarithm depends on relative ion velocity
and V_effective - fitting was done with such velocity-dependent
logarithm.

4. Fitted V_effective has very weak current dependence:

0.74-0.78*10* m/s
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Observations .

* Using single-particle formula allows to fit experimental data and
extract V_effective.

* However, since rms velocity spreads of cooled proton beam are
significant (for our measurements, we would need to have
dp/p=1e-5 and e¢=1e-9 m rad to neglect this effect, while parameter
of the proton beam with which we did measurements typically
had about dp/p=5e-5 and ¢=5e-8 m rad), fitted V_effective has
contribution from this effect.

The accurate procedure is then to measure rms velocities of the
distribution and average single-particle formulas over the proton
distribution. l

This was done for all 10’s of friction force curves
which were measured for various parameters
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Detailed comparison: Averaging over ion distribution

A7 %e v, L, (v Vi,V ) v.2 o (v =V,
E)— || Lo V) Veff expl — L\ 0 v dv.dv
(F)=C mv27A A”I I 2)312 P 2A 2 2af )T

0 (V + V + Veff //'

rms parameters of proton beam were measured
for each measurement of friction force curve.

1. First approach: assume C is known and treat V  as fitting
parameter.

2. Second approach: assume V . is known from measurements and
treat C as fitting parameter.
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B=0.12T, Ie=300mA
Friction force averaged over proton distribution with

. 54
measured rms velocity spread

F [eV/m]

<F>

............. v [10000 m/s]

[ results in very small values
=075 I for Veff (0.1-0.2e4m/s)
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First approach - one fitting parameter Veff

F [eV/m] ° Longitudinal
8 [ profiles:
] — expected
| onset of
4f oscillations
, £1128.430 Kz for Sma” Veff
W_' o v [10000 m /5]

fittedq Measu red

v onset of oscillations
eff

47Z'Z e n V|||— (VJ_lV”! eff) VJ_2 (V” _VO)2
F - dv,d =
(F)=¢ mv27zA 2 A”I J-°°(V +V, .)3/2 2Al2 20 VL C=1/m
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Measurements of longitudinal friction force maximum _

Approaching friction force maximum

I

f=1123.360 kHz

Longitudinal profiles
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Measurements of longitudinal friction force maximum

just past the maximum

{ L

RO L*ﬁmy Alexei Fedotov, September 30, 2005 -

£=1128.380 kHz




Measurements in non-linear part of the friction force -

far past the maximum

$ 3
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£=1128.390 kHz




Second approach - one fitting parameter C (with
measured V eff) 59

single-particle force with C=2.8/=n

Fl[evV/m] | F and Vveff=0.7e4 m/s corresponding
i 0 measured maximum

-1.5 - i - 1.5

v [10% m/s]
onset of oscillations
in longitudinal

distribution

<F> AnZ *e J- J V”L (VL,V”, eff) exp{— Vl2 _(vl—vo)zJVLdV”dVL

V2rA, A 2 (v, 4V, V)Y 2A°2A/
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Second and %2 approach - basically, both C and Veff are
fitting parameters (plus averaging) 60

single-particle force with larger

ot fitted coefficient C with Veff
sl somewhat smaller than measured
4~ maximum

.............. '.--I----'----'r[ll]l]l]l]m,-’s]
- [ 3 1.5

2

477 % v, Ly (v Vi Vegr ) v,o (v =)
E || Ly T Veff expl — n N\ 0 Vv dV dV
(F)= Om\/ A, A”I j (v, 2+, \@3’2 P 77 A 7.V B
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Summary - benchmarking of experiments .

At CELSIUS, we were able to measure longitudinal friction force with
very good precision which allows us to use experimental data for
accurate benchmarking of theory and simulations.

Parameter dependence of the friction force was measured with “well
controlled” condition:

1) Current dependence

2) Dependence of tilt between electron and proton beams
3) Dependence on solenoid errors

4) Various degrees of magnetization

5) Transient cooling

Benchmarking of experimental data for each of the experiments is
presently in progress.
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Thank you for your attention!
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